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CONTROL OF FLOW-GENERATED BIOFILMS
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M. SIMO˜ES, L. C. SIMO˜ES, I. MACHADO, M. O. PEREIRA and M. J. VIEIRA
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T
he action of cetyltrimethyl ammonium bromide (CTAB) and sodium dodecyl sulphate
(SDS), a cationic and an anionic surfactant respectively, were investigated for their
ability to control turbulent and laminar flow-generated biofilms formed byP. fluorescens.
The disinfectant action of CTAB and SDS on biofilms was assessed by respiratory activity,
variation of mass and structure, immediately, 3, 7 and 12 h after the application of the surfac-
tants. Laminar flow-generated biofilms were more susceptible to the action of CTAB than
those formed under turbulent flow. Total inactivation of the cells within the biofilms was
not achieved for either type of flow-generated biofilms. For SDS, higher concentrations pro-
moted significant biofilm inactivation, for both turbulent and laminar flow-generated biofilms.
CTAB and SDS application did not promote the detachment of biofilms from the surfaces.
Post-surfactant treatment, biofilms recovered respiratory activity, in some cases, reaching
values higher than those found without chemical treatment. After CTAB treatment, the recov-
ery of respiratory activity was not affected by the hydrodynamic conditions. Conversely, tur-
bulent flow-generated biofilms showed a higher potential to recover their metabolic activity
than laminar flow-generated biofilms, when previously challenged with SDS. Concerning bio-
film mass, no significant variation (increase or decrease) was detected after 12 h of surfactant
treatment. This study shows that care is needed when selecting the correct procedure and
agent for biofilm control and demonstrates the influence of hydrodynamic conditions on
the persistent and recalcitrant properties of P. fluorescens biofilms.
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INTRODUCTION
The unwanted accumulation of biofilms in industrial equip-
ment under aqueous environments, currently called biofoul-
ing, is a natural occurrence (Verran, 2002; Simo˜es et al.,
2005a). Biocides still represent the more significant coun-
termeasure to control biofilm formation (Chen and Stewart,
2000; Simo˜es et al., 2003a; 2005a). However, these chemi-
cal substances may kill the attached microorganisms but
may not be effective in biofilm removal, leaving biomass
on the surface that may contribute to microbial recovery
and biofilm regrowth (Simo˜es, 2005). In order to improve
biofilm control procedures, industry has moved progress-
ively towards the use of surface active compounds (surfac-
tants) which present more biodegradable and less toxic
properties (Simo˜es, 2005). Surfactants are classified
according to the ionic nature of their hydrophilic group,
namely, as anionic, cationic, non-ionic and zwitterionic.
The chemical nature of surfactants causes alteration of
the surface properties of the submerged surfaces by
decreasing their surface tension, preventing attachment of
microorganism with potential to form biofilm and promot-
ing the detachment of these microorganisms from the
adhesion surface (MacDonald et al., 2000). As bacteria
within biofilms are protected from even the most aggressive
of treatment regimens, it is expected that they behave dif-
ferently from the planktonic state, when exposed to chemi-
cal treatment (biocide/surfactant), due to possible
alterations of their metabolic activity, biofilm structure
and composition (Simo˜es, 2005). Furthermore, biofilm
development, behaviour, population characteristics and
response to the action of antimicrobial agents are strongly
influenced by many environmental factors, such as physical
forces acting on the biofilm and by intrinsic biological
properties (Purevdorj et al., 2002; Simo˜es et al., 2003a, b;
Stoodley et al., 1999; Vieira et al., 1993). One of the
most important factors is the velocity field of the fluid in
contact with the microbial layer (Pereira et al., 2002a;
Purevdorj et al., 2002; Stoodley et al., 1999; Vieira et al.,
1993).
The aim of this work was to assess the efficacy of surfac-
tant treatment (CTAB and SDS) in the control of turbulent
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and laminar flow-generated biofilms and to characterize the
biofilm behaviour post-surfactant treatment. Biofilms were
formed by Pseudomonas fluorescens, an abundant bacteria
in industrial environments (Pereira et al., 2002a; Simo˜es
2005; Simo˜es et al., 2005a; 2006; Wiedmann et al.,
2000), in a simple flow cell reactor (Pereira et al., 2002b)
that allows biofilm sampling without disturbing the system.
MATERIAL AND METHODS
Microorganism and Culture Conditions
Pseudomonas fluorescens ATCC 13525T was obtained
from the American Type Culture Collection and preserved
in criovials (Nalgene) at 280+ 28C. The growth con-
ditions were 27+ 18C, pH 7.0 (0.02 M phosphate
buffer), with 5 g L21 glucose, 1.25 g L21 yeast extract
and 2.5 g L21 peptone as nutrients. All the medium com-
ponents were purchased from Merck (VWR, Portugal).
Biofilm Reactors
A continuous pure culture of P. fluorescens was grown in
a 0.5 L glass chemostat, at 278C, aerated (air flow
rate ¼ 0.425 min21) and agitated with a magnetic stirrer
(Heidolph Mr 3001). The chemostat was continuously fed
(peristaltic pump, Ismatec Reglo) with 10 mL h21 of sterile
medium containing 5 g L21 glucose, 2.5 g L21 peptone and
1.25 g L21 yeast extract in 0.02 M phosphate buffer pH 7.0.
The 0.5 L chemostat was used to continuously inoculate
(10 mL h21) a 3.5 L reactor which was aerated (air flow
rate ¼ 0.243 min21) and agitated with a magnetic stirrer.
This reactor was fed with a diluted nutrient medium con-
sisting of 0.05 g L21 glucose, 0.025 g L21 peptone and
0.0125 g L21 yeast extract in 0.02 M phosphate buffer
(pH 7), at a flow rate of 1.7 L h21, which supported a
bacterial cell density of approximately 6  107 cells mL21.
This diluted bacterial suspension obtained in the 3.5 L
reactor was pumped back (centrifugal pumps, Eheim Typ
1060 and Eheim Typ 1048) through the flow cell reactors
and to the 3.5 L reactor.
A flow cell reactor system described by Pereira et al.
(2002b) was used as the device for biofilm formation, as
depicted in Figure 1. This type of device offers a simple
means to study and characterize biofilms in a well-
controlled and reproducible manner. This device consists
of a semicircular Perspex (polymethyl methacrylate) duct
(45 cm length and 1.6 cm of hydraulic diameter) with 10
apertures on its flat wall, to suitably fit several removable
rectangular pieces of Perspex. Stainless steel (ASI 316)
slides (1.75 cm  1.25 cm) were glued onto the Perspex
faces. Biofilms were formed on those metal slides whose
Figure 1. Schematic representation of the system used to perform biofilm formation on the flow cell reactors.
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upper faces were in contact with the bacterial suspension
passing through the flow cell reactor. Each of the rectangu-
lar pieces can be removed separately without disturbing the
biofilm formed on other pieces and without stopping the
flow. This is managed because outlet ports are placed on
the round face of the flow cell between each two adjacent
removable pieces of Perspex, thus allowing diversion of
the circulating flow from the point where the reactor
was opened. Two parallel similar flow cell reactors were
used simultaneously in such a way that biofilms were
formed under turbulent (Reynolds number—Re ¼ 5200,
u ¼ 0.532 m s21) and laminar (Re ¼ 2000, u ¼
0.204 m s21) conditions, respectively, in each flow cell,
in order to mimic flow-dependent processes encountered
in industrial environments (Pereira et al., 2002a, b;
Simo˜es et al., 2003a, b; Simo˜es, 2005). The biofilms were
allowed to grow for 7 days to ensure that steady-state bio-
films were used in every experiment (Pereira et al., 2002b).
Surfactants
Cetyltrimethyl ammonium bromide (CTAB), a cationic
surfactant, purchased from Merck (Critical micellar
concentration—CMC—1.00 mM; cat. no. 102342). The con-
centrations tested were 0.125, 0.250, 0.500 and 0.900 mM.
Sodium dodecyl sulfate (SDS), an anionic surfactant,
purchased from Riedel-de-Hae¨n (CMC—8.30 mM; cat.
no. 62862). The concentrations tested were 0.5, 1, 3 and
7 mM.
Surfactant Treatment
The biofilms formed on the metal slides, of each parallel
flow cell reactor, were exposed to different surfactant con-
centrations for 30 min. Each concentration was tested in an
independent experiment and each experiment was per-
formed three times. During the treatment period, the surfac-
tant solution replaced the diluted bacterial suspension
flowing in the flow cells. After the exposure time to the sur-
factant, the flow of the surfactant solution through the flow
cells was stopped and the initial bacterial suspension was
re-introduced in the system, in order to restore the con-
ditions prior to surfactant application and to mimic real
situations encountered in industrial processes. Immediately
after the surfactant treatment (0 h), two metal slides of each
flow cell were sampled. The biofilms that covered the stain-
less steel slides were completely scraped, resuspended in
10 ml of a neutralization solution (not interfering with the
bacterial respiratory activity), which consisted of phosphate
buffer containing (w/v) 0.1% peptone, 0.5% Tween 80
and 0.07% lecithin and left for 10 min, according to the
European Standard EN-1276 (1997). After that, the biofilm
suspensions were vortexed (Heidolph, model Reax top) for
30 s with 100% power input, according to the methodology
described by Simo˜es et al. (2003a), washed twice with
saline phosphate buffer, resuspended in 10 mL of 0.02 M
phosphate buffer (pH 7) and used immediately to assess,
sequentially, the bacterial respiratory activity and biofilm
mass. In order to assess whether time plays a significant
role on the action of SDS and CTAB, namely if it prevents
a subsequent biofilm growth, the remaining slides were left
in the flow cells with the operation conditions restored and
were only sampled 3, 7 and 12 h after surfactant application
in order to assess the post-surfactant action. Two metal
slides were sampled for each sampling time. The control
experiments were performed in the same operational con-
ditions, but with the addition of phosphate buffer instead
the surfactant solution.
Oxygen Uptake Rate—Respiratory
Activity Assessment
The assays were performed in a model 53 Yellow
Springs Instruments (Ohio, USA) Biological oxygen moni-
tor (BOM) as described previously (Simo˜es et al., 2003a;
2005b). The homogenized biofilm suspensions were
placed in the temperature-controlled vessel of the BOM
(T ¼ 278C+ 18C). Each one contains a dissolved oxygen
(DO) probe connected to a DO meter. Once inside the
vessel, the samples were aerated for 30 min to ensure
the oxygen saturation ([O2] ¼ 9.2 mg L212 278C, 1 atm).
The vessel was closed and the decrease of the oxygen con-
centration was monitored over time. The initial linear
decrease observed corresponds to the endogenous respir-
ation rate. To determine the oxygen uptake due to substrate
oxidation, 50 mL of a glucose solution (100 mg L21) was
introduced in each vessel. The slope of the initial linear
decrease in the DO concentration, after glucose injection,
corresponds to the total respiration rate. The difference
between the two respiration rates gives the oxygen uptake
rate due to the glucose oxidation.
The decrease in the bacterial activity observed due to the
application of the different concentrations of surfactant to
both flow-generated biofilms was determined as the differ-
ence between the respiratory activity of the samples before
(control) and immediately after the treatment period with
surfactant, and expressed as the percentage of inactivation
according to the following equation:
Inactivation (%) ¼ ½(A0  A1)A10   100 (1)
where A0 is the respiratory activity of the control assay, i.e.,
without surfactant treatment (mgO2/gbiofilm . min), and A1
is the respiratory activity immediately after the application
of each surfactant concentration (mgO2/gbiofilm . min).
Each A1 value was standardized per respective biofilm
mass remaining adhered after surfactant treatment.
Biofilm Mass
The drymass of the biofilm accumulated on the slides, after
the respiratory activity determination, was assessed by the
determination of the total volatile solids (TVS) of the hom-
ogenized biofilm suspensions, according to the Standard
Methods (APHA, AWWA, WPCF, 1989), method number
2540 A-D. According to this methodology the TVS assessed
at 550+ 58C in a furnace (Lenton thermal designs) for 2 h is
equivalent to the amount of biological mass. The biofilmmass
accumulated was expressed in mg of biofilm per cm2 of sur-
face area of the slide (mgbiofilm/cm
2).
In each experiment, the percentage of the biofilm
removal was determined through the following equation:
Biofilm removal (%) ¼ ½(W  W1)W1  100 (2)
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where W is the biofilm mass without surfactant application
(mgbiofilm/cm
2) and W1 is the biofilm mass after surfactant
treatment (mgbiofilm/cm
2).
Scanning Electron Microscopy Observations
During the experiments, several stainless steel slides
covered with biofilms were observed by scanning electron
microscopy (SEM). The SEM inspections always com-
prised the observation of at least 15 fields of each bio-
film-covered slide. Prior to SEM observations, biofilm
samples were gradually dehydrated in ethanol (Merck)
series to 100% (15 min each in 10, 25, 40, 50, 70, 80, 90
and 100% v/v), and dried in a desicator for 3 days. The
samples were sputter-coated with gold and examined with
a Leica S360 scanning electron microscope at 10–15 kV.
The slides were not fixed because fixation procedures
involves the use of chemicals that tend to react with
some of the components at the biological matrix, as docu-
mented by Azeredo et al. (1999), hence modifying the real
biofilm structure. SEM observations were documented
through the acquisition of at least 20 representative micro-
photographs for each experiment.
Statistical Analysis
The data were analysed using the statistical program
SPSS version 11.5 (Statistical Package for the Social
Sciences). The mean and standard deviation within
samples were calculated for all cases. Statistical
comparisons of biofilm inactivation, biofilm removal and
recovery were analysed by Student’s t-test. Statistical
calculations were based on confidence level equal or
higher than 95% (P , 0.05 was considered statistically
significant).
RESULTS AND ANALYSIS
Biofilm Inactivation and Removal due to CTAB
and SDS Application
The effects of the application of CTAB and SDS during
30 min against biofilms formed on stainless steel slides,
under turbulent and laminar flow, were assessed by the
determination of the respiratory activity due to glucose oxi-
dation and the variation of the mass of biofilm. Those
results are presented in terms of percentage of biofilm inac-
tivation and biofilm removal (Figure 2), immediately after
surfactant application.
The application of CTAB to biofilms formed in the flow
cell reactors resulted in the inactivation of the bacteria
within the biofilms [Figure 2(aI)]. The concentrations of
0.125 and 0.25 mM had similar inactivation effects.
Again, 0.5 and 0.9 mM produce similar biofilm inacti-
vation. However, statistical analyses reveal that inacti-
vation is concentration dependent (P , 0.05). Concerning
the flow conditions under which biofilms were generated,
the inactivation effect of CTAB was more pronounced for
laminar flow-generated biofilms (P , 0.05). SDS also pro-
moted biofilm inactivation, dependent on the SDS concen-
tration (P , 0.05). Comparing the inactivation data of
turbulent and laminar flow-generated biofilms
[Figure 2(aI) and (aII)], a statistical analysis showed that
both biofilms had similar susceptibility to SDS action
(P . 0.1). However, the overall results related with biofilm
inactivation highlighted that neither surfactants, in the
range of concentrations tested, caused total inactivation
Figure 2. Biofilm inactivation (a) and removal (b) due exposure to different concentrations of CTAB (I) and SDS (II) for 30 min. Each symbol indicates the
means+ SD. B, Turbulent; A, laminar. The means+ SD for at least three replicates are illustrated.
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(maximum of inactivation was around 60–70%).
Figure 2(bI) and (bII) also demonstrate that neither surfac-
tant promoted biofilm detachment, since removal was
always less than 30%, independently on the concentration
(P . 0.05 for both surfactants).
Structural Changes Due to Surfactant Application
Biofilm on the metal slides before surfactant treatment
and the possible damage resulting from CTAB and SDS
application, with representative concentrations (0.25 mM
of CTAB and 3 mM of SDS), was inspected by SEM, as
displayed in Figure 3.
SEM observations (Figure 3) show that biofilms formed
under different flow regimes present significant morpho-
logical differences [Figure 3(aI) and (bI)] and that the sur-
factants altered the biofilm structure. This is probably due
to CTAB and SDS reaction with cationic and anionic
reactive sites respectively, within the biofilm. However,
the biofilm structural changes are more evident for CTAB
treated biofilms.
Biofilm Recovery after Treatment with
CTAB and SDS
The results presented in Figure 2 emphasize that after
30 min of contact with the surfactants, and for all the con-
centrations tested, biofilms still show respiratory activity.
In order to determine whether this property could lead
to biofilm recovery, the post-surfactant effect was evalu-
ated for up to 12 h. Figure 4 presents the biofilm beha-
viour, in terms of respiratory activity and mass, of
turbulent and laminar flow-generated biofilms, after sur-
factant treatment.
Figure 3. SEM microphotographs of a 7 day-old P. fluorescens biofilms formed on stainless steel slides under turbulent (a) and laminar flow (b) without
surfactant application (I), after treatment with 0.5 mM of CTAB (II) and after treatment with 3 mM of SDS (III) during 30 min. 2000 magnification,
bar ¼ 20 mm.
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The results obtained after SDS treatment showed that
the activity of biofilms increased with time [Figure 4(aI)],
particularly when 3 mM and 7 mM of SDS were applied
to the turbulent flow-generated biofilms (P , 0.05). In
fact, respiratory activity recovery was more pronounced
with the increase of SDS concentration applied to the
biofilms (P , 0.05). Concerning CTAB, in general, the
respiratory activity increased with the time between
CTAB application and biofilm sampling, reaching values
higher than the ones observed in the control experiment,
i.e., without surfactant application. Both turbulent and
laminar flow-generated biofilms had similar recovery
profiles (P . 0.05). Comparing the results of biofilm
recovery after CTAB and SDS application, the recovery
is more evident for biofilms treated with CTAB and less
clear to laminar flow-generated biofilms treated with
SDS [Figures 4(aI) and 3(bI)]. The control experiments
showed that biofilm respiratory activity was almost inde-
pendent of the time (P . 0.1) since the 7 day-old biofilms
exhibit the same respiratory activity during the time of the
experiments (12 h).
In terms of total biofilm mass, only small variations were
achieved with the surfactant treatment, none being signifi-
cant. Overall, the application of CTAB to both turbulent
and laminar biofilms did not give rise to biomass decrease
[Figure 4(aII) and (bII)]. On the contrary, it seems that the
application of CTAB, particularly with 0.25 mM, increased
the amount of biofilm adhered to the stainless steel slides, a
phenomenon not statistically significant (P . 0.05). There-
fore, it is clear that the application of SDS or CTAB and the
recovery time did not promoted any significant additional
biofilm removal or growth, for any conditions tested and
for any sampling time (P . 0.05 for both surfactants and
for every condition tested).
DISCUSSION AND CONCLUSIONS
Application of the surfactants increased inactivation
and decreased the mass of both turbulent and laminar
flow-generated biofilms. However, in the range of concen-
trations tested, total inactivation and removal was not
achieved. The hydrodynamic conditions under which the
biofilms were formed played a significant role in the resist-
ance to the chemical agents, with laminar flow-generated
biofilms being more susceptible to CTAB action. The
higher inactivation effect on laminar flow-generated
biofilms is probably related to the lower amount of mass
formed, compared with the turbulent ones (Pereira et al.,
2002a; Simo˜es et al., 2003b, 2004; Simo˜es, 2005),
especially with respect to proteins. Proteins (one of the
major biofilm exopolymeric matrix constituent—Pereira
and Vieira, 2001; Simo˜es et al., 2003a, b, 2004) can react
with surfactants, decreasing their availability for reaction
with the cells (Pereira and Vieira, 2001; Simo˜es et al.,
2003a). This surfactant/exopolymeric matrix interaction
is reinforced by previous tests carried out with planktonic
cells, which showed that the inactivation effect of CTAB
and SDS was significantly reduced in the presence of
bovine serum albumin (Simo˜es et al., 2006). In the present
study, the limited efficacy of the surfactants to control
biofilms may be related with its chemical reaction with pro-
teins of the exopolymeric matrix, as proposed in previous
studies regarding biofilm cohesive forces (Simo˜es et al.,
2005a). The effect of the surfactants on the biofilm
Figure 4. Biofilm respiratory activity (a) and mass (b) immediately after chemical treatment (0 h) and 3, 7 and 12 h later for biofilms formed under turbulent
(I) and laminar (II) flow. Control means without surfactant treatment. B, 0 h; B, 3 h; B, 7 h; A,12 h. The means+ SD for at least three replicates are
illustrated.
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structure was more evident after CTAB application
(Figure 3). Probably, the anionic properties of the biofilm
matrix (Simo˜es, 2005), quenched the effect of SDS on the
biofilm structure, as the cells embedded in the biofilm are
the main target of SDS. In both hydrodynamic situations
and for both surfactants, problems associated with mass
transfer limitations within the biofilms decrease the surfac-
tant action. In fact, the understanding of the effect of oper-
ational parameters that affect the biofilm formation and
subsequent disinfection are fundamental to the develop-
ment of a biofilm control program. Previous studies made
by some authors (Pereira et al., 2002a; Simo˜es et al.,
2004; Simo˜es, 2005; Vieira et al., 1993) concerning the
characterization of biofilms formed under turbulent and
laminar flow, showed that turbulent flow-generated bio-
films are more active and have a higher content of proteins
than laminar flow-generated biofilms and that their physical
structure is different.
Biofilm removal results demonstrate that inactivation
and removal are distinct processes. The ability of CTAB
and SDS to inactivate biofilms was higher than that
required to remove them; furthermore, residual biofilms
were not fully inactivated (Figure 4). The biofilms left in
the flow cells after surfactant treatment and exposed to
nutrients, recovered their respiratory activity in less than
12 h. This recovery was more evident for biofilms treated
with CTAB. Respiratory activity results were corroborated
by epifluorescence microscopy analysis using a viability
stain (results not shown). The overall results suggested
that if the biofilms were left in the flow cell reactors for a
longer period, that biofilm recovery may be more evident
and consistent (Figure 4).
The ionic nature of the surfactant seems to be responsible
for the effects on the biofilm respiratory activity (Figure 4).
In both cases, a more sustained antibacterial effect was
expected, since the biofilms which were not immediately
sampled after surfactant application were not subjected to
a surfactant neutralization or washing step. Thus, the sur-
factant retained within the biofilm matrix had more
chance to act on the bacteria. Forsythe and Hayes (1998)
stated that surfaces treated with cationic surfactants could
retain a bacteriostatic film, due to the adsorption of the
chemical on the surface, preventing the subsequent
growth of residual bacteria. According to Chandy and
Angles (2001) one of the key factors that determine bac-
terial recovery in drinking water distribution systems is
the availability of nutrients, a phenomenon verified in this
study. Perhaps, the surfactant may have increased the avail-
ability of nutrients to the cells embedded in the biofilms
(promoting bacterial recovery) by altering the structure of
the biofilm matrix, without killing the microorganisms.
This presence of residual active biofilm may be a source
of problems in terms of biofilm recovery, development of
resistant biofilms, or as a substratum for colonisation by
other microorganisms. According to Stewart (2003), ineffi-
cient biofilm control could lead to the existence of persist-
ent bacteria, which may be recalcitrant to a subsequent
disinfection process.
In conclusion, this study shows that a better understand-
ing of biofilm response to external stress conditions is
essential for the successful development of new strategies
for controlling biofilms. Biofilms formed under laminar
flow were more susceptibly to the inactivation effect than
turbulent flow-generated biofilms, mainly when CTAB
was applied, but none were removed by the surfactants
tested. The biofilm structure was markedly changed after
surfactant treatment, but metabolic activity was recovered
over time, after treatment. The surfactants did not promote
a slow biofilm detachment or an increase in the biofilm
mass. An improvement in the understanding of the relation-
ship between surfactant molecular properties and antibac-
terial properties and mechanisms of action could facilitate
the design of chemical mixtures that more effectively
control biofilms.
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